A growing body of circumstantial evidence suggests that ice nucleation active (Ice + ) bacteria contribute to the initiation of precipitation by heterologous freezing of super-cooled water in clouds. However, little is known about the concentration of Ice + bacteria in precipitation, their genetic and phenotypic diversity, and their relationship to air mass trajectories and precipitation chemistry. In this study, 23 precipitation events were collected over 15 months in Virginia, USA. Air mass trajectories and water chemistry were determined and 33 134 isolates were screened for ice nucleation activity (INA) at − 8°C. Of 1144 isolates that tested positive during initial screening, 593 had confirmed INA at − 8°C in repeated tests. Concentrations of Ice + strains in precipitation were found to range from 0 to 13 219 colony forming units per liter, with a mean of 384 ± 147. Most Ice + bacteria were identified as members of known and unknown Ice + species in the Pseudomonadaceae, Enterobacteriaceae and Xanthomonadaceae families, which nucleate ice employing the well-characterized membrane-bound INA protein. Two Ice + strains, however, were identified as Lysinibacillus, a Gram-positive genus not previously known to include Ice + bacteria. INA of the Lysinibacillus strains is due to a nanometersized molecule that is heat resistant, lysozyme and proteinase resistant, and secreted. Ice + bacteria and the INA mechanisms they employ are thus more diverse than expected. We discuss to what extent the concentration of culturable Ice + bacteria in precipitation and the identification of a new heat-resistant biological INA mechanism support a role for Ice + bacteria in the initiation of precipitation.
Introduction
Formation of ice embryos from supercooled water in clouds by heterogeneous ice nucleation initiates precipitation (Murray et al., 2012) , particularly in ice clouds and mixed-phase clouds (Hoose and Mohler, 2012) over land masses of mid-latitudes (Mülmenstädt et al., 2015) . Circumstantial evidence suggests that ice nuclei (IN) of biological origin may contribute to this process. In fact, some microorganisms can nucleate ice at significantly warmer temperatures compared to non-biological IN. While the nucleation temperature of mineral dusts, carbonaceous combustion products or volcanic ash is mainly limited to temperatures below − 12°C/ − 15°C (Murray et al., 2012) , some bacteria and fungi nucleate ice at temperatures up to − 2°C (Pouleur et al., 1992; Morris et al., 2004) , and pollen at temperatures up to − 10°C (Pummer et al., 2012) . Also, as clouds precipitate, the concentration of IN active at − 10°C (and thus most likely biological) decreases faster than the concentration of particles of similar size (Bigg et al., 2015; Stopelli et al., 2015) and the majority of IN in precipitation is heatsensitive suggesting that they are in fact of biological origin (Diehl et al., 2002; von Blohn et al., 2005; Christner et al., 2008; Pummer et al., 2012) . Importantly, ice nucleation active (Ice + ) microorganisms have been isolated from clouds (Sands et al., 1982; Attard et al., 2012; Joly et al., 2013) , the lower atmosphere (Lindemann et al., 1982; Garcia et al., 2012) and precipitation (Sands et al., 1982; Constantinidou et al., 1990; Morris et al., 2008; Hill et al., 2014; Monteil et al., 2014a; Šantl-Temkiv et al., 2015) . Ice + bacteria are also common in terrestrial environments such as the phyllosphere (Lindow, 1983; Hirano et al., 1985) , leaf litter (Maki et al., 1974; Monteil et al., 2012) and soil (Monteil et al., 2014b) . Therefore, ice nucleation activity (INA) has been proposed to be an adaptation of microbes to promote their deposition from nutrient-poor clouds back to nutrient-rich vegetation or soil, a theory called bioprecipitation (Sands et al., 1982; Morris et al., 2014) . The first-identified Ice + bacterium was Pseudomonas syringae (Maki et al., 1974; Arny et al., 1976) and the activity was later identified in additional Pseudomonadaceae, Xanthomonadaceae (Kim et al., 1987) and Enterobacteriaceae (Lindow et al., 1978) , which are all members of the Gammaproteobacteria. A small number of studies also reported INA in bacteria outside the Gammaproteobacteria (Ponder et al., 2005; Mortazavi et al., 2008) . However, INA of these bacteria was found to be restricted to lower temperatures and was neither further characterized nor confirmed in additional studies.
All Ice + bacteria whose INA has been molecularly characterized encode orthologues of a single INA protein, which is anchored to the outer membrane (Wolber et al., 1986; Morris et al., 2004) and initiates ice formation by binding water molecules in a conformation resembling an ice lattice (Kajava and Lindow, 1993; Garnham et al., 2011) . It was recently proposed that this is accomplished by a hydrophilichydrophobic pattern and through the removal of latent heat (Pandey et al., 2016) . The molecules that induce ice nucleation in Ice + fungi and in pollen have not yet been identified, but they have been found to be secreted and to be partially heat resistant (Pouleur et al., 1992; Fröhlich-Nowoisky et al., 2015; O'Sullivan et al., 2015; Pummer et al., 2015) .
Studies of temporal and spatial dynamics of Ice + microorganisms associated with precipitation are needed to determine the environmental conditions promoting dispersal and precipitation of Ice + bacteria and may also provide further evidence that Ice + bacteria influence atmospheric processes leading to precipitation. Monteil et al. (2014a) identified chemical features of precipitation and characterized the history of air masses associated with deposition of P. syringae with precipitation, while other studies tested effects of these environmental parameters on the survival and INA of Pseudomonas species in the laboratory (Attard et al., 2012; Amato et al., 2015) . However, studies on distribution of Ice + bacteria in clouds and rain need to be extended to all Ice + microorganisms to obtain a more complete understanding of the link between Ice + microorganisms and timing and patterns of precipitation.
Here we extensively sampled culturable bacteria deposited with precipitation to expand our knowledge of the concentration and genetic diversity of Ice + species in precipitation, the mechanism by which they nucleate ice, and the conditions linked to their deposition. Besides observing a link between the concentration of IN and the history of air masses, measuring the concentration of culturable Ice + bacteria in precipitation, and elucidating the genetic diversity of the dominant culturable Ice + populations, we identified two Ice + Gram-positive strains belonging to the genus Lysinibacillus that produce an INA molecule fundamentally different from the INA protein produced by Gammaproteobacteria. We discuss how our findings improve current estimates of the frequency of INA among bacterial communities in the atmosphere and the putative role of bacterial IN in contributing to the initiation of precipitation.
Materials and methods
Sampling of precipitation and sample processing Field studies were conducted from February 2013 to April 2014 in Virginia, USA (see Table 1 for details). Locations and an image of one of the precipitation collection sites are shown in Supplementary Figure S1 . The number K of total IN at temperatures warmer than − 8°C was determined immediately after sample processing by a droplet-freezing assay (Vali, 1971) . Supplementary Materials S1 provide additional details on collection, sample analysis and inference of backward trajectories and climatic conditions of air masses.
Quantification of culturable bacteria
Each sample was concentrated 100 times with a vacuum filtration system and a nitrocellulose membrane (0.22 μm porosity, GWSP, Millipore, Cork, Ireland) before dilution plating. Seven different types of culture media were used to enumerate total culturable bacteria and to maximize genetic diversity: Columbia Agar and Tryptic Soy Agar (both at 100 and 10% strength), Eosin methylene blue Agar, Marine Agar 2216, Reasoner's 2A Agar (see Diehl et al. (2002) for details). Plates were incubated at 20°C for 3-5 days, and then individual colonies were counted, and analysed for INA. Details are provided in Supplementary Methods S1.
Characterization of bacterial INA Colonies were tested for their ability to freeze sterile water at − 8°C with a droplet-freezing assay (Vali, 1971) : well-isolated individual colonies were deposited in 140 μl of sterile water, incubated at 4°C for at least 1 h, and then three 30 μl droplets of each suspension were deposited on parafilm floating on a − 8°C glycerol bath in a cooling thermostat (Lauda Alpha RA24, LAUDA-Brinkmann, Delran, NJ, USA). After 10 min, the number of frozen drops was recorded for each colony and for positive and negative controls: P. syringae strain CC94 (Morris et al., 2000) and sterile distilled water, respectively. Any isolate with minimal activity (that is, one frozen drop) was considered as a potential ice nucleator. A second step of semi-quantitative INA Corresponds to the frequency of isolates for which ice nucleation activity has been reproduced with purified cultures incubated for 48 h at 20°C and tested at − 8°C.
e Corresponds to the concentration of isolates for which ice nucleation activity has been reproduced with purified cultures incubated for 48 h at 20°C and tested at − 8°C.
Ice nucleation active bacteria in precipitation KC Failor et al characterization was performed with standardized suspensions for all strains that had shown at least minimal activity in the first assay: 6 drops of 30 μl suspensions made of 48 h old pure cultures were incubated at 20°C and adjusted to an optical density (OD) at 600 nm of 0.2 (corresponding approximately to 1.31 × 10 8 ± 2.12 × 10 7 CFU ml − 1 on average, based on calibration curves performed with different representative species). Four temperatures were tested: − 4, − 8, − 10 and − 12°C. After 10 min of incubation at each temperature, the number of frozen drops was recorded and strains were considered as Ice + at a given temperature if at least half of the drops froze at that temperature. See Supplementary Methods S1 for details.
Cumulative nucleus spectra of Lysinibacillus sp. strains The cumulative IN concentrations per cell of Lysinibacillus sp. were determined at every temperature degree from − 2 to − 12°C. Cumulative IN concentrations were compared to P. syringae CC94 after both species were grown under the same conditions. The average number of cells per drop was determined by dilution-plating. The cumulative IN concentrations per cell were determined before and after treatments as described in Supplementary Methods S1.
Identification of Ice
+ bacteria All strains for which the initial colony showed at least minimal activity were genotyped. First, a fragment of the cts gene was amplified with primers specific to the Pseudomonas genus (Sarkar and Guttman, 2004) . Strains for which the gene was amplified were considered to belong to the genus Pseudomonas. For the strains for which no amplification product was obtained, a 16S rDNA fragment was amplified, sequenced and blasted against the non-redundant nucleotide database in GenBank as described in Supplementary Methods S1. A strain was assigned to a species when sequence similarity with a type strain was greater than 99% over a minimum sequence alignment of 99%. Below these thresholds, strains were identified at either the genus or family level (Supplementary Tables S2 and S3 ). Phylogenetic trees were built with sequences of strains and of the most similar sequences based on the BLAST results. Our data set was finally enriched with 920 sequences of type strain sequences downloaded from the Ribosomal Database Project (Cole et al., 2014) and GenBank. See Supplementary Methods S1 for details on tree construction. All 16S rDNA sequences were deposited in GenBank: KY073884-KY074547.
Statistical analyses
Statistical analyses were performed in R, version 3.1.2 (R Core Team, 2014), and are described in detail in Supplementary Methods S1. Bacterial concentrations were log transformed to obtain a normal distribution before statistical analyses. For all biological variables, averages were compared pairwise either by the Student's t-test or by the nonparametric Mann-Whitney U test. Links between concentrations of total bacteria, Ice + bacteria, and of IN with precipitation sample features were explored testing correlations between variables by building a linear model and analysed using Pearson's method or Spearman's method. Differences and correlations were considered significant when P-values were below 0.05.
Results

Concentration of IN, culturable bacteria and Ice
+ bacteria varies between precipitation events and correlates with chemical features of precipitation samples The concentration of culturable bacteria isolated from precipitation samples ranged from 4 × 10 3 to 1 × 10 6 CFU l − 1 (Table 1 ). The concentration of culturable bacteria (Table 2 ) did not change with the type of culture medium except for R2A, on which colony counts were significantly higher compared to EMB (pairwise Welch's t-test, Po0.05, Table 2 ). The overall mean and standard error of the lognormal distribution was 4.18 ± 0.13 l − 1 when data for all media types were pooled.
A total of 33 134 colonies were initially tested for INA using the droplet freezing assay. An average of + bacteria active at − 8°C ranged in concentration from 0 CFU l − 1 to 13 219 CFU l − 1 , with a mean of 384 ± 147 CFU l − 1 . This value was independent of isolation medium (pairwise MannWhitney U-tests, Table 2 ). Interestingly, for an additional 9% and 4%, respectively, of strains that were Ice + at − 8°C in the initial test, INA was still observed at − 10 and − 12°C in the re-test. Moreover, an additional 17% of the strains still had 1 or 2 drops freeze at − 12°C suggesting that they had some minimal INA at lower temperatures.
We also quantified the concentration of total IN in precipitation at − 8°C and found it to range from 11 to above 7.4 × 10 3 per liter, with a mean of 1117 ± 528 per liter (Table 1) , which corresponds to the average value observed in previous studies (Petters and Wright, 2015) . The ratio between the concentration of IN and the concentration of confirmed Ice Table S4 ), which would not be sufficient to initiate precipitation (Crawford et al., 2012) . However, changing some of our assumptions this number would dramatically decrease or increase, revealing how speculative these inferred values are (see a more detailed discussion below).
To learn about the aeroecology of Ice + bacteria present in precipitation, we determined if the concentrations of total IN and of culturable Ice + bacteria were associated with selected features of air masses and/or sample characteristics. We found that the concentration of IN, the concentration of culturable bacteria and the frequency of Ice + bacteria compared to the total number of culturable bacteria were significantly related to (i) several climatic parameters, such as air pressure, relative humidity, radiative fluxes or temperature experienced by air masses along their trajectories, (ii) the distance travelled by air masses and (iii), precipitation water chemistry (see Supplementary Table S5 and Supplementary Results S1). Whenever these relationships were observed, they were consistent for most media types and for the elevations used here to determine air masses trajectories. The most striking result is that we found significant positive correlations between pH, conductivity and concentration in total dissolved solids and concentration of total culturable bacteria and total IN (Pearson's and Spearman's correlation tests, coefficients of 0.62 and 0.79, Po0.05).
INA is widespread among the Gammaproteobacteria and has also emerged in the Firmicutes Because Pseudomonads are already known to be common Ice + bacteria in precipitation and clouds, we chose to screen our entire collection of 1144 strains that were Ice + in the initial test by PCR with primers specific to the cts gene of the Pseudomonas genus. We then focused our attention on those Ice + strains that did not amplify the cts gene, and thus likely belonged to other taxonomic groups with possibly yet unknown Ice + genera and species, and sequenced their 16S rDNA. However, to gain some insight into the genetic diversity of Ice + strains belonging to the genus Pseudomonas, 215 out of the 719 Ice + strains that amplified the cts gene were chosen randomly for 16S rDNA sequencing as well.
Combining results from cts gene amplification and BLAST searches of 16S rDNA sequences ( Supplementary Table S3) showed that culturable Ice + bacteria that had at least a minimal activity during the initial test belonged to seven different bacterial classes (Figure 1a) . Only bacteria belonging to two of these classes were confirmed in the standardized re-test (Figure 1b) . A rarefaction curve was built to estimate the richness of these confirmed Ice + species (Supplementary Figure S2) . Since the curve is very close to reaching a horizontal asymptote, we conclude that only a small number of additional culturable Ice + species remain to be discovered in precipitation using the employed approach, at least at our sampling locations.
Culturable Ice + strains belonging to the Gammaproteobacteria were present in 96% of the samples and represented up to 86% of the strains that were Ice + during the first test. Actinobacteria and Bacilli that were Ice + in the initial test, but could not be confirmed during standardized re-resting, were also regularly found in precipitation (74% and 57% of the samples, respectively) representing a total of 10% of all Ice + strains. However, strains confirmed as Ice + during standardized re-testing were almost exclusively Gammaproteobacteria (99.73%, Figure 1b ) and were isolated from all but one of the precipitation samples. Within this class, members of the Pseudomonadaceae were the most frequent Ice + bacteria (80.7%), followed by Enterobacteriaceae Table S3) .
To better determine the evolutionary relationships between the diversity of Ice + strains and characterized type strains, phylogenetic trees using 16S RNA gene sequences were built (Figures 2,3,4 and Supplementary Figures S3-S6) . Pseudomonadaceae strains for which minimal INA during the first test was observed are located in several clades containing known environmental species. Most of the strains belong to the P. syringae complex and, to a smaller extent, to the Pseudomonas fluorescens complex (Garrido-Sanz et al., 2016) (Figure 2 ). While the diversity of Ice + strains is well known in the P. syringae complex (Berge et al., 2014) and to some extent in the P. fluorescens complex (Hill et al., 2014) , here we found confirmed Ice + strains closely related to additional species in the P. fluorescens complex (Pseudomonas trivalis, Pseudomonas costantinii and Pseudomonas orientalis) and in the Pseudomonas mandelii group (VT0005, closely related to Pseudomonas frederiksbergensis and Pseudomonas lini). Additional Ice + strains clustered with the known Ice + species Pseudomonas abietaniphila, Pseudomonas graminis and Pseudomonas putida (Lee et al., 1995) , and even in species in the Pseudomonas aeruginosa group never described as Ice + before (closely related to Pseudomonas alcaligenes, Pseudomonas resinovorans and Pseudomonas oleovorans). In the Enterobacteriaceae family, confirmed Ice + were distributed in the Pantoea and Erwinia genera and clustered with several species that had already been described as Ice + (Lindow et al., 1978) (Figure 3) . Most of the collection was closely related to Pa. ananatis and Pa. agglomerans, but some strains also clustered with Pa. brenneri, Pa. eucalypti, E. rhapontici or E. aphidicola. Because 16S rDNA sequence polymorphism was too low to determine a robust phylogeny, species-level identification of some of these strains may slightly change using additional genes or whole genomes. The phylogenetic tree of the Xanthomonadaceae family showed that most Ice + strains clustered with Xanthomonas campestris (Supplementary Figure S5) . However, three strains were closely related to X. translucens and one strain clustered with the genus Stenotrophomonas, a genus not previously known to be INA at − 8°C. Some strains that only showed minimal INA at the first characterization were identified as members of the genera Luteibacter and Luteimonas, and as relatives of Pseudoxanthomonas spadix.
Most of the Bacillaceae strains that did not have reproducible INA were related to the Bacillus pumilus group, the Bacillus megaterium group and the Bacillus subtilis group (Figure 4) . The two strains with reproducible INA, VT1065 and VT1066, had identical 16S rDNA sequences and showed over 99% DNA identity to the type strains of Lysinibacillus parviboronicapiens, Lysinibacillus fusiformis, and Lysinibacillus sphaericus.
INA of Lysinibacillus is heat, lysozyme, and proteinaseresistant and secreted Since INA in Gram-positive bacteria has not been characterized, we sought to determine the nature of the Lysinibacillus INA (LINA) molecule in comparison with the well-known INA protein (INP) of P. syringae. First, we showed that when grown on the same culture medium (R2A), and when tested under the same conditions, the Lysinibacillus strains produced at least seven orders of magnitude fewer IN active between − 6 and − 3°C compared to P. syringae. However, this difference decreased rapidly when lowering temperatures and became equal below − 11°C (Figure 5a ). To test whether nutrient availability may impact the production of the INP and of the LINA molecule, we compared these ice nucleation spectra with those obtained from TSA cultures. Growing bacteria on TSA, a medium richer in nutrients, lowered the production of INA molecules by two orders of magnitude for both bacterial classes (Figure 5b ), which indicates that growth in oligotrophic conditions promotes the production of both types of INA molecules.
INA of Ice + Gammaproteobacteria is due to the INA protein, which is anchored to the membrane and sensitive to heat (495°C) and lysozyme treatment (Morris et al., 2004; Christner et al., 2008) . As expected, by (i) heating cells, (ii) cleaving peptidic chains with Proteinase K, (iii) breaking peptidoglycans with lysozymes, and (iv) filtering the cell suspensions through a 0.22 μm membrane, we observed a significant decrease, or even total suppression, of INA of P. syringae (Figure 5b ). Applying the same treatments to the Lysinibacillus strains, very different results were obtained; ice nucleation spectra of boiled or filtered cell suspensions were not significantly different from those of untreated cell suspensions. Therefore, the LINA molecule is secreted and its activity is heatresistant. This resistance to heat strongly suggests that LINA is not a protein. This was confirmed with cell suspensions incubated with Proteinase K, after which INA was even higher by one order of magnitude between − 7 and − 12°C (Figure 5b ). Lysozyme treatment slightly reduced INA of Lysinibacillus at all temperatures. Therefore, part of LINA may either depend on glycosydic bonds, or lysozyme treatment of Lysinibacillus releases molecules that interfere with INA. Finally, to get an indication of the size of the LINA molecule, the 0.22 μm filtrate was filtered through a 100 kDa pore-sized membrane. Retentate from the 100 kDa pore-sized membrane (which retains molecules larger than 30-90 nm) showed an INA spectrum similar to that of the original cell suspension, but the filtrate did not (Figure 5c ). Therefore, the LINA molecule appears to be larger than 30-90 nm or the molecule strongly interacts with the membrane interfering with its passage.
Discussion
Although Ice + bacteria have been well known to be the most active IN at warm temperatures since the 1970s (Maki et al., 1974) , information about their diversity and the conditions associated with their deposition with precipitation is limited. To fill this knowledge gap, Ice + bacteria were isolated from 23 precipitation samples in Virginia on seven different media types. This study revealed that the most common culturable Ice + bacteria in precipitation are Gammaproteobacteria. For this class, INA had been observed previously and the underlying mechanism is well characterized (Morris et al., 2004) . However, additional Ice + species and one additional Ice + genus, Stenotrophomonas, were found for the first time to nucleate ice at − 8°C.
Although precipitation samples were only collected in one geographic area, an astonishing species richness (430 OTUs) of known and unknown Ice + species was measured. Importantly, two Ice + Lysinibacillus sp. strains provide the first evidence to date of a Gram-positive bacterium exhibiting reproducible INA with magnitudes comparable to P. syringae at − 8°C. Ponder et al. (2005) and Mortazavi et al. (2008) had previously reported INA for some Grampositive bacteria but at lower temperatures and with lower magnitude. Moreover, two Exiguobacterium strains and a Psychrobater strain identified by Ponder et al. (2005) were inactive under our assay conditions even at − 12°C (data not shown).
Although the LINA molecule still needs to be identified and purified to determine its structure, we showed that the active molecule is not a protein and is secreted, contrary to the INA protein produced by Gammaproteobacteria that is part of the outer membrane (with the exception of Erwinia herbicola which can shed some IN (Phelps et al., 1986) ). From an evolutionary perspective, this means that INA emerged at least twice over the course of Eubacteria evolution through two independent mechanisms. This is a remarkable example of convergent evolution, in which INA has evolved in phylogenetically unrelated organisms. Determining the species niche and ecology of Ice+ Lysinibacillus will be required to better understand the role of INA in the life history of this organism. Since the Ice + Lysinibacillus strains are most closely related to soil-borne bacteria and entomopathogens (Ahmed et al., 2007; Miwa et al., 2009 ) and the type strain of L. parviboronicapiens, a soil-borne bacterium as well (Miwa et al., 2009) , is also Ice+ (data not shown), INA in these strains may not have evolved as a primary adaptation to atmospheric dissemination as proposed in the bioprecipitation theory for INA of P. syringae (Morris et al., 2014) .
The discovery of INA in Lysinibacillus underscores the need to research other INA microorganisms and mechanisms. Although the rarefaction curve suggests that only a small number of INA species remain to be discovered (at least at our sample location in Virginia), we may still be underestimating the true biodiversity of Ice + bacteria. In fact, many microorganisms are not culturable or only express a small set of phenotypes in culture (Barer and Harwood, 1999; Kaeberlein et al., 2002) . INA is possibly one of Figure 2 Evolutionary relationships between 229 Ice + strains isolated from precipitation in Virginia, USA (labeled 'VT#') and 151 type strains of the Pseudomonadaceae family based on the alignment of partial 930bp-long 16S rDNA sequences. A maximum likelihood tree was built using the GTR model and 100 bootstrap replicates. Gaps were considered as missing data and were partially deleted with a site coverage cut-off of 95%. The strain Xanthomonas axonopodis LMG 538-T was used as a root. Only bootstrap values over 50% were included and are symbolized by black dots. Strains that were Ice + in standardized re-tests at − 8°C are labelled in bold and are underlined, those active at − 10°C or − 12°C in standardized re-tests are labelled in bold only, and those that were only active in the initial test but not in the re-tests are neither underlined nor in bold. When more than one VT# strain had the same 16S rDNA sequence, only the number of strains is indicated and Ice + strains that were confirmed in repeated tests are labelled 'Ice + '. RDP names are composed of the species name, the strain code and the accession number in the public database NCBI. The name of the type strain closest to Ice + strains was chosen to represent collapsed branches. A version of the tree in which all VT strains are listed is given in Supplementary Figure S3. these phenotypes, as suggested by the effect of incubation temperature on INA observed by Ponder et al. (2005) in psychroactive permafrost strains and based on studies reviewed by Murray et al. (2012) . Consequently, discrepancies we observed between results from INA tests of colonies directly plated from precipitation samples and those from purified strains may be explained in part by growth conditions not conducive for the expression of INA, even if it is likely that some colonies for which only one droplet Figure 3 Evolutionary relationships between Ice + strains isolated from precipitation in Virginia, USA, and other members of the Enterobacteriaceae family based on the alignment of partial 16S rDNA sequences. The phylogenetic tree was built from 212 strains isolated in this study and 241 type strains. The strain Pseudomonas aeruginosa DSM 50071 was used as a root. See Figure 2 for details about tree construction and labels. A version of the tree in which all VT# strains are listed is given in Supplementary Figure S4 .
Ice nucleation active bacteria in precipitation KC Failor et al Figure 4 Evolutionary relationships between Ice + strains isolated from precipitation and other members of the Bacilliaceae family based on the alignment of partial 16S rDNA sequences. The phylogenetic tree was built from 47 strains isolated in this study and 353 type strains. The strain Lactobacillus acidophilus BCRC10695 was used as a root. See Figure 2 for details about tree construction and labels. A version of the tree in which all VT# strains are listed is given in Supplementary Figure S6 .
Ice nucleation active bacteria in precipitation KC Failor et al froze at − 8°C during the initial tests were simply false positives. Moreover, since nutrient limitation induced higher INA in Lysinibacillus sp. (Figure 5c ) and the same was observed previously for P. syringae (Nemecek-Marshall et al., 1993) , INA molecules might generally be produced in higher amounts in oligotrophic conditions, like those found in the atmosphere. Therefore, detection of new Ice + species/mechanisms can probably still be improved by optimizing culture media and growth and incubation conditions.
The size and the chemical properties of the LINA molecule also raises questions about the way abundance of bacterial IN has been estimated in the atmosphere. In fact, because it has been assumed that bacterial IN are exclusively of proteinaceous origin (Morris et al., 2004; O'Sullivan et al., 2015) , bacterial IN are often quantified comparing IN concentrations Figure 5 Ice nucleation spectra of Lysinibacillus sp. in different growth conditions and after different treatments. For each temperature, average values were calculated from at least four independent cultures and bars correspond to standard errors. Lysinibacillus sp. curves were obtained using both strains, VT1065 and VT1066. The minimum detection threshold obtained for P. syringae and Lysinibacillus sp. were 10 − 10.11 and 10 − 9.86 IN per bacterium respectively. (a) Ice nucleation spectra of Lysinibacillus sp.
• compared to Pseudomonas syringae strain CC94 m, using cultures grown for 24 h on either R2A or TSA. Same letters associated to all values for each temperature mean that values were not significantly different according to multiple Student t-tests comparisons. (b) Ice nucleation spectra of cell suspensions obtained from cultures grown on R2A that had been incubated with Proteinase K, lysozyme, filtered through a 0.22 μm membrane or heated at 99°C for 1 h. For P. syringae CC94, the number of cumulative IN per bacterium was significantly different for all treatments compared to the untreated cell suspension between − 12 and − 3°C (denoted by an asterisk). For Lysinibacillus sp., stars were used to label values of treated cell suspensions that were significantly different from the untreated suspension. (c) Ice nucleation activity of the Lysinibacillus sp. 0.22 μm membrane filtrate after being either resuspended from a 100 kDa membrane (the retentate) or filtered through the 100 kDa membrane (the filtrate). before and after boiling samples that have been filtered and concentrated with a 0.22 μm membrane (Christner et al., 2008) . Yet, the size of the LINA molecule is only nanometers in scale and its activity resists boiling and is independent of lipidic membranes, similar to the ice nucleation particle produced by Fusarium (O' Sullivan et al., 2015) , Mortierella (Fröhlich-Nowoisky et al., 2015) and pollen . This also means that single cells of these organisms could produce many IN over their residence time in the atmosphere. This differs from the Gammaproteobacteria, for which INA is dependent on cell integrity and for which the number of IN is limited to the number of bacterial cells in the atmosphere. Moreover, because of their size, bacterial LINA-like molecules could represent some of the abundant nanometer-sized Ice + particles active at warm temperatures identified by Vali (1966) and O'Sullivan et al. (2015) and more recently by Du et al. (2017) or Šantl-Temkiv et al. (2015) .
In regard to conditions linked to higher concentrations of total IN active at − 8°C in precipitation (and thus assumed to be biological), the most striking results were: (i) alkaline and mineralized precipitation water and (ii) precipitation initiated within air masses in which relative humidity was lower and that travelled over larger distances. These results are consistent with other experimental and modelling studies suggesting that the frequency of deposition of biological IN like P. syringae increases with alkalinity and conductivity of precipitation that is derived from rapidly travelling air masses (Monteil et al., 2014a) . It is therefore possible that the link between the concentration of IN and the distance travelled by air masses is due to a greater uptake of IN from Earth surfaces by upward air fluxes.
Importantly, do our results support a role for bacterial IN in the initiation of precipitation? Crawford et al. (2012) estimated that a small amount of primary ice, as low as 10 IN per m 3 , would be enough to initiate precipitation at temperatures as high as − 8°C. We thus estimated the number of IN produced by Ice + bacteria in clouds based on the mean concentration of Ice + bacteria in our precipitation samples (Supplementary Table S4) . Interestingly, we inferred fewer than 10 IN of bacterial origin per m 3 of cloud in all samples but one when we assume that (i) Ice + bacteria are neither lost nor scavenged while precipitation falls, (ii) expression of genes that determine INA in the clouds is similar to that under our growth conditions, (iii) all bacteria in precipitation are culturable, and (iv) one Ice + colony plated from precipitation corresponds to one IN in the clouds. However, changing these assumptions our estimate increases or decreases by orders of magnitudes. In particular, the number of IN may be an underestimation if many Ice + bacteria in precipitation were not culturable or may not have expressed INA genes under the conditions we employed. At the other extreme, inferring the number of IN produced by a single bacterial cell in clouds from our droplet freezing assay, the concentration of IN in clouds would only be 1.3 × 10 − 4 per m 3 , by far insufficient to induce precipitation. Even assuming that the concentration of total IN in our precipitation samples (based on the droplet freezing assay) were all of bacterial origin, there would not be a sufficient number of bacterial IN in clouds to initiate precipitation at − 8°C (they may be sufficient at lower temperatures but we did not determine concentrations of IN below − 8°C). Moreover, the droplet freezing assay may underestimate the number of IN (Emersic et al., 2015; Whale et al., 2015) . Therefore, developing laboratory assays that accurately quantify IN under conditions to which IN are exposed in clouds needs to be prioritized to further investigate the role of biological IN in atmospheric processes.
In summary, we expanded our knowledge of the genetic diversity of Ice + bacteria and the factors that correlate with their deposition. Most importantly, we uncovered a new INA mechanism in Gram-positive bacteria. This novel mechanism, which is based on a heat-stable and proteinase-resistant secreted molecule, challenges our current view of bacterial INA as being exclusively proteinaceous and thus heatsensitive. This discovery of the first new bacterial INA mechanism since P. syringae over 40 years ago will require re-interpretation of some previous data on biological and non-biological INA detected in clouds, aerosols and precipitation. Our results also ask for optimization of protocols for detecting and isolating Ice + species and for quantifying IN under cloud-like conditions. Finally, identification and characterization of the LINA molecule and surveys of its concentration (and the concentration of Ice+ Lysinibacillus) will be important to determine if Ice+ Lysinibacillus bacteria influence atmospheric processes leading to precipitation.
